arXiv: 1505.00738vl [cond-mat.quant-gas] 4 May 2015 


Decoherence of Impurities in a Fermi Sea of Ultracold Atoms 

Marko Cetina^’^, Michael Jag^’^, Rianne S. Lous^’^, Jook T. M. Walraven^’^, Rudolf Grimm^’^ 
^ Institut fur Quantenoptik und Quanteninformation (IQOQI), 

Osterreichische Akademie der Wissenschaften, 6020 Innsbruck, Austria 
^Institut fiir Experimentalphysik, Universitdt Innsbruck, 6020 Innsbruck, Austria and 
^ Van der Waals-Zeeman Institute, Institute of Physics, University of Amsterdam, 

Science Park 904, 1098 XH Amsterdam, The Netherlands 

Rasmus S. Christensen^, Georg M. Bruun"^ 

'^Department of Physics and Astronomy, Aarhus University, DK-8000 Aarhus C, Denmark 

(Dated: May 5, 2015) 

We investigate the decoherence of impurities interacting with a three-dimensional Fermi 
sea of ®Li across an interspecies Feshbach resonance. The decoherence is measured as a function 
of the interaction strength and temperature using a spin-echo atom interferometry method. For 
weak to moderate interaction strengths, we interpret our measurements in terms of scattering of K 
quasiparticles by the Fermi sea and find very good agreement with a Fermi liquid calculation. For 
strong interactions, we observe significant enhancement of the decoherence rate, which is largely 
independent of temperature, pointing to behavior that is beyond the Fermi liquid picture. 
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Many-body fermionic systems with strong interactions 
play a central role in condensed-matter, nuclear, and 
high-energy physics. The intricate quantum correla¬ 
tions between fermions challenge our understanding of 
these systems. Mixtures of ultracold fermionic gases offer 
outstanding opportunities to study strongly interacting 
fermions experimentally. Since the turn of the century, 
the excellent control over the strength of the interaction 
and the composition of these mixtures has allowed inves¬ 
tigations addressing the broad spectrum from few-body 
to many-body phenomena 0,i- Tuning of the interac¬ 
tion is achieved using Feshbach resonances @ . The com¬ 
position is varied by selecting internal states or by mix¬ 
ing different atomic species. This development has led to 
many exciting results concerning the quantum phases of 
fermionic mixtures, their excitations, superfluid behav¬ 
ior, and the equation of state 0. 

In two-component fermionic systems with a large pop¬ 
ulation imbalance, the minority atoms have been shown 
to form quasiparticles termed Fermi polarons, even for 
surprisingly large coupling strengths [^-Q. These are 
long-lived states described by Fermi liquid theory 
Their lifetime is limited by scattering against the ma¬ 
jority atoms, which is suppressed by Pauli blocking as 
the temperature approaches zero |ld . Ill] . Although the 
quasiparticle scattering rate has been determined in two- 
dimensional electron gases (l^ - [l^ , measurements in well- 
defined three-dimensional (3D) fermionic systems have 
remained an experimental challenge. 

Intriguing questions are related to the behavior of 
impurities and, more generally, Fermi mixtures in the 
strongly interacting regime For investigat¬ 

ing an impurity in a Fermi sea. Ref. [l^ suggested a 
time-domain method that is applicable for a wide range 
of interaction strengths. This approach can be regarded 


as a measurement of the coherence of a superposition of 
internal states of the impurity atoms using interferome- 
tery [l^. Atom coherence has previously been used to 
probe many-body demagnetization in fermionic systems 
[19] and impurity scattering in bosonic systems [20|. 

In this Letter, we report on measurements of decoher¬ 
ence of K atoms immersed in a Fermi sea of Li using the 
method proposed in Ref. da , in the regime of strong pop¬ 
ulation imbalance. We tune the interaction between the 
Li and K atoms using an interspecies Feshbach resonance 
(FR). For weak to moderately strong interactions, we in¬ 
terpret the measured decoherence in terms of scattering 
of K quasiparticles by the Li Fermi sea. We find very 
good agreement with a Fermi liquid calculation. This 
provides a determination of the quasiparticle scattering 
rate in a clean 3D fermionic system. We extend our 
measurements to strong Li-K interactions and find de¬ 
coherence rates that are almost an order of magnitude 
faster than can be explained by quasiparticle scattering. 
These decoherence rates do not increase with tempera¬ 
ture, which is an indication of zero-temperature quantum 
dynamics in a fermionic many-body system. 

The starting point of our experiments is an evapora- 
tively cooled, thermally equilibrated mixture of typically 
3x10^ ®Li atomsand 1.5x10^ atoms, trapped in a 
crossed-beam 1064-nm optical dipole trap under condi¬ 
tions similar to those in Ref. Q. The Li cloud is de¬ 
generate, with ksT/eF as low as 0.15, where T is the 
temperature and ep^hxSf) kHz is the average Li Fermi 
energy sampled by the K atoms. Because of the Li Fermi 
pressure and the more than two times stronger optical 
potential for K, the K cloud is much smaller than the Li 
cloud [21], and therefore samples a nearly homogenous 
Li environment, with a standard deviation in the local Li 
Fermi energy of less than 0.1 ei;’. In spite of the smaller 
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Figure 1: Interferometeric method for measuring the decoher¬ 
ence of K in a Li Fermi sea. The upper illustration shows a 
schematic of the rf pulse sequence. The atoms in the K|3) 
state interact with a Fermi sea of Li|l) atoms, as indicated 
by the shaded region. The graph shows the fraction of the 
K atoms transferred to the K|3) state as a function of the 
relative phase of the final 7r/2 rf pulse for various interaction 
times r and for —1/KFa=l.Q, T=0.16 


size of the K cloud, the concentration of K in the Li sea 
remains low, with hK/hLi~0.3, where hx (il-Li) is the av¬ 
erage K (Li) number density sampled by the K atoms. 
The K ensemble is correspondingly non-degenerate, with 
ksT/E^ > 0.9, where is the peak K Fermi energy. 

We tune the interaction between the K and Li atoms 
using an interspecies FR between the Li atoms in the 
lowest Zeeman sub-level Li|l) and K atoms in the third- 
lowest sub-level K|3) (2^. We quantify the interactions 
between Li and K by the dimensionless interaction pa¬ 
rameter — Ijupa, where Kp=h~^\/2mi^i€F is the Li Fermi 
wavenumber with rriLi the Li mass, and a is the s-wave 
interspecies scattering length. The latter can be tuned 
as a=abg[l— A/(i?—i?o)] by applying a magnetic field B, 
where i3o~154.7 G is the resonance center, abg=63.0 oq 
(oq is Bohr’s radius) and A=880 mG [1^. The relatively 
narrow nature of our FR causes significant momentum 
dependence of the interspecies interaction. We charac¬ 
terize this effect by the length parameter R * [iliil. In 
our experiments npR* is approximately 0.9, correspond¬ 
ing to an intermediate regime where the interaction is 
near-universal with substantial effective-range effects. 

We probe the decoherence of the K atoms using a 
radio-frequency (rf) interferometric technique, as illus¬ 
trated in Fig.[TJ The K atoms are initially prepared in the 
second-lowest Zeeman sub-level K|2) while the Li atoms 
remain in the Li|l) state throughout the experiment. On 
the time scale of our measurements, the interactions be¬ 
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Figure 2: Contrast G as a function of interaction time 
r. In (a), we show results for moderately attractive inter¬ 
species interactions (—l/fi:FO=1.9), corresponding to Fig. [T] 
In (b), we probe the system in the strongly interacting regime 
(—l/KFa=0.1) for r=0.20 by rapidly shifting the inter¬ 

action parameter from 2.2 to 0.1 during the interaction time. 
The solid lines are exponential fits to the points with t> 7 /rs. 
The dotted line is an extrapolation to r=0. 

tween these atoms, characterized by the s-wave scatter¬ 
ing length ai 2 ~abg, can be neglected. We apply a 7r/2 
rf-pulse (typically 10 /rs-long) to prepare the K atoms 
in an equal superposition of the K|3) and K|2) states. 
After a variable interaction time t, we apply a second 
7r/2 rf-pulse before determining the numbers and 
of atoms in the K|2) and K|3) states using absorption 
imaging To decrease the sensitivity to the magnetic 
field noise and to the inhomogeneities in the atom densi¬ 
ties, we perform a spin echo by splitting the interaction 
time into two equal halves separated by a tt rf-pulse. 

Shifting the phase of the rf oscillator by cj) between the 
TT and the second tt/2 pulses causes a sinusoidal variation 
in the fraction f=N 3 /{N 2 +N 3 ) of the K atoms trans¬ 
ferred to K|3), as shown in Fig. [TJ We quantify the 
coherence of the state of the K atoms by the contrast 
C'=(/max-/min)/(/max+/min) of these oscillations. The 
interaction of the K atoms with the Li cloud causes an 
exponential decrease in the observed contrast with in¬ 
creasing interaction time t, as shown in Fig. [21(a). The 
interaction also shifts the rf transition frequency and de¬ 
creases the rf coupling between the K|2) and K|3) states 
0, which we account for by adjusting the rf frequency 
and the duration of our rf pulses. In this way, we mea¬ 
sure the decoherence of K atoms for —l/Kpa<—0.8 and 
— 1/Kpa>1.4:. Near the center of the resonance, the fast 
loss of contrast during the rf pulses limits the applicabil¬ 
ity of this method. 

To measure the decoherence of K in the strongly inter- 
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acting regime, we use laser light to rapidly displace our 
magnetic FR diliii. Optical control of our FR allows 
us to apply the rf pulses away from the FR and then 
rapidly bring the atoms into resonance for the duration 
of the interaction time r (^ . This method circumvents 
the loss of contrast during the rf pulses and allows us to 
probe the K decoherence across the full range of interac¬ 
tion parameters. The displacement of our FR arises from 
the laser-induced differential AC Stark shift between the 
free-atom level and the molecular state involved in the 
FR. The AC Stark shift is induced by the 1064-nm trap¬ 
ping light, as we investigated in Ref. (^. Although the 
differential shift here amounts to only 10% of the total 
trapping potential, using a high-intensity beam with up 
to 65 kW/cm^, we can displace Bq by up to 40 mC in 
less than 200 ns - all while preserving the harmonic trap¬ 
ping potential [^. This displacement corresponds to a 
change in the interaction parameter of up to ±2.1 on a 
timescale of 0.05 Tp, where Tp=h/epKiA.b fis is the Fermi 
time. 

In Fig. [DJb), we show the dependence of the contrast 
C on the interaction time r near the center of our FR. 
The contrast starts to decay after an initial delay of ap¬ 
proximately Tp. This delay can be explained in terms of 
quantum evolution of the system with an interaction en¬ 
ergy bounded from above by ep US- For r>1.6ri;’~7 /rs, 
the decrease in contrast is well-described by an exponen¬ 
tial decay. The htted decoherence rate 7coh=0.28(2)r^^ 
is comparable to the inverse Fermi time, indicating that 
our experiment cannot be described using the Fermi liq¬ 
uid picture, which assumes long-lived quasiparticles [^. 

In Fig. [3] we show the dependence of y^oh extracted 
using the same method on the interaction parameter. 
We present data with two decades of dynamic range and 
demonstrate a dramatic resonant enhancement of the de¬ 
coherence rate, reaching values up to 0.4 The data 
do not exhibit any clear dependence on hK/uLi across the 
full range 0.17<fiK/hLi<0.43. In addition to the statisti¬ 
cal errors indicated by the error bars, the data are subject 
to variations oi kpT/ep, upR* and fiyi/npi with standard 
deviations of 0.01, 0.02 and 0.07 about their mean values 
of 0.16, 0.93 and 0.27, respectively. The calibration of the 
Li atom number introduces a 6% systematic uncertainty 
in ep and Tp, as well as a corresponding 3% uncertainty 
in Our total error budget includes further 3% sys¬ 
tematic errors in a and R* arising from the uncertainty 
in AB, and a ±0.05 error in l/npa resulting from an 
uncertainty in the determination of Bq of ±1 mG [2l |. 

For weak to moderate interactions, there are well- 
dehned K quasiparticles, and we now show that the evo¬ 
lution of the contrast C on timescales much longer than 
Tp can be related to the mean quasiparticle scattering 
rate 7 s. Each scattering event provides which-way infor¬ 
mation that distinguishes between the two paths in the 
interferometer in Fig. [T] and thus erases the interference 
effect. At any given time, the interaction affects only one 
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Figure 3: Decoherence rate of K in a Li Fermi sea as a func¬ 
tion of the interaction parameter for an average temperature 
r=0.16 ep/ks (see text). The measurements with (with¬ 
out) rapid shifting of the FR are shown as the red circles 
(black squares). The measurements from Fig. [2] are indicated 
by open symbols. The solid upper (blue) and lower (black) 
lines correspond to the prediction of the Fermi liquid the¬ 
ory with and without medium corrections, respectively. The 
dashed lines incorporate corrections due to decay to Feshbach 
molecules. The shaded areas show the la effect of the exper¬ 
imental uncertainties on the theoretical predictions. 


of the two paths, decreasing the probability for the sys¬ 
tem to stay in this path at the rate y^. Since our signal 
arises from the interference of the amplitudes in the two 
interferometer paths, we expect the interaction to lead 
to a decrease of the observed contrast at the rate 7 s/2. 

From Fermi liquid theory, the scattering rate of a 
K quasiparticle with momentum is given by [9| 

7pi = JJ (1) 

Here T is the scattering matrix for the scattering of 
K atoms with Li atoms with momenta pi and P 2 re¬ 
spectively to momenta pa and p 4 . We have dehned 
dp 2 =(Pp 2 /, and H is the solid angle for the direc¬ 
tion of the outgoing relative momentum. The distribu¬ 
tion functions are with the 

chemical potentials ^li/k for the Li /K atoms respec¬ 
tively. The dominant medium effects can be shown to 
enter in the scattering matrix T via ladder diagrams, 
whereas the quasiparticles can be assumed to have the 
ideal gas energy dispersion £'^'^^'=p^/2TOK/Li jH, 3C|. 
The details of the calculation of yp^ are described in [31 1. 
In addition, we account for the reduced quasiparticles 
residue Z by multiplying the collision rate by Z calcu¬ 
lated from the ladder approximation To obtain the 
mean scattering rate ys, we calculate the thermal aver¬ 
age ys=/ dpf^jp. To include the effects of the trap, we 
use effective Fermi energies, which are obtained by aver- 
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aging the local Fermi energy over the density of the K 
atoms in the trap. This approach is justified since the 
K atoms only probe a small region of the Li gas, and 
because the momentum distribution of the K atoms is 
nearly classical. 

On the repulsive side of the FR, we need to consider 
additional effects arising from the decay of the atoms 
into the molecular state that underlies our FR. The rate 
F of this process was calculated and confirmed by mea¬ 
surements in Ref. Q, reaching values as high as 0.02 
close to resonance. Since the decay to molecules provides 
which-way information, it will contribute at least F/2 to 
the measured decoherence rate. The decay also releases 
energy and creates holes in the Li Fermi sea, increasing 
the value of ksT/ep during our measurement to 0.20 (1) 
[ 2 ^. We include both of these effects in the calculations. 

In Fig. [3l we plot as solid/dashed lines the calculated 
decoherence rate 7 s /2 on the attractive/repulsive side of 
the FR for T=0.16 ep/ks (attractive side) and T=0.20 
^fI^b (repulsive side). The lower lines are obtained 
by using the vacuum scattering matrix in ([l]l. 

whereas the upper lines are obtained by using a T matrix 
which includes medium effects using the ladder approx¬ 
imation. The calculated decoherence rate agrees with 
the experimental values very well for —l/kpo^l-b and 
for —l/kpa^—X. This gives strong evidence that the 
observed decoherence indeed is due to quasiparticle colli¬ 
sions. The significant asymmetry of the decoherence rate 
around l/kpa = 0 arises from the narrow nature of the 
FR [^. The calculated decoherence rate is larger when 
medium effects are included in the T matrix. This is due 
to pair correlations, which can increase the collisional 
cross section significantly . We see that the inclusion 
of these medium effects on the scattering matrix reduces 
the agreement with the experimental values on the at¬ 
tractive side, whereas it improves the agreement on the 
repulsive side. We speculate that this intriguing result 
arises from effects such as shifts in energy and effective 
mass that are beyond the present theoretical approach. 
For stronger interactions, the calculation does not fit the 
experiment, which is expected since there are no well- 
defined quasiparticles in the unitarity regime (^. Our 
model agrees with the observed absence of a dependence 
of 7coh on rlK/fl-Li since the K cloud is close to the classi¬ 
cal regime where ^ 1 and the momentum distribution 
of the K atoms is solely determined by the temperature. 

Further insight into the nature of the observed deco¬ 
herence can be gained by varying the temperature of our 
atom mixture, which we accomplish by changing the end¬ 
point of our evaporative cooling. We show the depen¬ 
dence of the measured decoherence rate on temperature 
in Fig. m In addition to the statistical errors shown by 
the error bars, the data are subject to small variations of 
— I/kfol, KpR* and ukIbia with standard deviations of 
0.05, 0.03 and 0.1, respectively. Our total error budget 
also includes the above-mentioned systematic uncertain- 



Figure 4: Decoherence rate of K in a fermionic 

Li cloud as a function of temperature. The data 
for —l/KFa=0.1, K_Fi?*=0.94, hK/hLi=0.2 (—l/KFffl=2.3, 
kfR*=0-89, hK/hLi=0.3) measured with (without) rapid 
shifting of the FR is shown as red circles (black squares). 
The solid blue and black lines correspond to the predictions 
of the Fermi liquid theory for —IjKFa=2.3 with and without 
medium corrections, respectively. The shaded areas show the 
la effect of the experimental uncertainties on the theoretical 
predictions. 

ties in ep, up, a and R*. 

Away from the FR, the measured decoherence rates are 
in very good agreement with the predictions of the Fermi 
liquid theory. Including medium effects in the scattering 
matrix leads to an overestimate of the collision rate on 
the attractive side of the FR. The linear dependence of 
7coh on temperature in this regime arises from the high 
relative mass of the K atoms, causing the Li-K scatter¬ 
ing to resemble scattering by fixed impurities. This is 
similar to the situation in metals where the scattering 
of electrons by fixed nuclei gives rise to the well-known 
linear dependence of the nuclear decoherence rates on 
temperature [s^. The red circles in Fig. 0] represent the 
measurements of the decoherence rate for resonant inter¬ 
actions. The rates obtained in this regime are more than 
an order of magnitude higher than the off-resonant rates, 
and do not increase with temperature. 

In conclusion, we established that for weak to moder¬ 
ate interaction strengths, the decoherence of K in a Li 
Fermi sea is dominated by quasiparticle scattering. Our 
observations for strong interactions cannot be explained 
by quasiparticle scattering and indicate a finite decoher¬ 
ence rate at zero temperature. This offers an exciting 
opportunity to explore the many-body quantum dynam¬ 
ics of an impurity submerged in a Fermi sea. 
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